Abstract. Carbonic anhydrase isozyme III (CAIII) is unique among the carbonic anhydrases because it exhibits phosphatase activity. CAIII is relatively specific to skeletal muscles, and may therefore be a useful diagnostic marker for muscular diseases. In the muscles of patients with myasthenia gravis (MG), CAIII is deficient and previous studies have demonstrated that changes in the phosphatase activity of CAIII is a fundamental mechanism underlying the weakness and fatigability of MG. However, there have been no effective analytical methods for investigating its phosphatase activity until now. In the present study, a new method combining two-dimensional electrophoresis (2-DE) and phosphatase staining in situ on a nitrocellulose membrane was reported to detect the phosphatase of CAIII in skeletal muscle extracts. Furthermore, a recombinant CAIII was constructed and its phosphatase activity staining was demonstrated to be positive. This method allows for the effective detection of the phosphatase activity of CAIII following 2-DE and is a promising technique for functional proteomics.
Introduction
Recently, carbonic anhydrase III (CAIII), a member of the carbonic anhydrase family, was reported to be insufficient in the skeletal muscles of patients with myasthenia gravis (MG) (1) . There are at least 16 proteins containing the carbonic anhydrase structure, of which 12 proteins function as hydratase (2) . By contrast with other isozymes, CAIII is distinguished by several characteristics. It is expressed selectively in skeletal muscle (comprising 8% of the soluble protein), the liver (5%) and in adipocytes (25%) (3) (4) (5) . Except for a lower hydratase activity (~1% of the isozyme II) and an esterase activity, it was reported that CAIII has phosphatase-related activities (6) .
As revealed by in vitro studies in skeletal muscle, CAIII is involved in cellular oxidative stress, apoptosis and signal transduction (7) (8) (9) . As attributed to the presence of reactive cysteine residues in its structure, CAIII is reversibly S-glutathiolated to modulate the process of oxidation-deoxidation (8, 10) and simultaneously, its phosphatase activity may be modified by S-glutathiolation. Therefore, it is hypothesized that CAIII may act as a regulator of the phosphorylation processes in cell signaling, although the endogenous substrate of CAIII phosphatase has yet to be elucidated.
Previous studies have demonstrated that the activity of CAIII was dependent on glutathiolation, which may be affected by the processes of separation and purification of CAIII (6, 11) . Theoretically, methods that directly detect CAIII phosphatase activity against cell extracts may allow simple and efficient analysis of skeletal muscle in disease pathogenesis. The present study describes a novel method, combining two-dimensional electrophoresis (2-DE) and phosphatase staining in situ on a nictrocellulose membrane, to detect the phosphatase activity of CAIII in skeletal muscle extracts. Furthermore, a recombinant CAIII was produced for further validation.
Materials and methods
Ethical considerations. All procedures performed on the rat were in accordance with the EU (86./609/EEC) for the care and use of laboratory animals. 4 , respectively. The gels were equilibrated with buffer for the second-dimensional sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at room temperature and submitted to electrophoresis on a 10% SDS-PAGE gel at 30 V for 20 min, then at 100 V until the bromophenol blue dye reached the end. SDS-PAGE-separated proteins were transferred onto a nitrocellulose membrane. The membrane was divided into two parts, one of which was selected randomly for protein staining by ponceau red S and the other for CAIII immunodetection by a polyclonal antibody from rabbit against rat skeletal CAIII, at a dilution of 1:1,600.
Preparation
Phosphatase activity staining in situ. Following 2-DE, the proteins were transferred to a nitrocellulose membrane in an ice bath. Once divided into halves, one half of the membrane selected for enzyme staining was incubated in ABS buffer containing 20 mM sodium acetate, 0.8% (w/v) sodium chloride and 0.02% (w/v) potassium chloride (pH 5.5) at 25˚C for 20 min, to permit removal of SDS and refolding of the proteins. Then 5% (w/v) polyvinylpyrrolidone (MW, 40,000 kDa; Sigma) in ABS buffer was applied to block the non-specific binding sites, at 4˚C overnight. Following washing with the ABS buffer for 5 min, the membrane was dipped into a 20 ml staining system (pH 5.5) with final concentrations of 50 mM sodium acetate, 20 mM magnesium chloride, 5 mM nitrophenyl phosphate (Fluka, Buchs, Switzerland), 2 mM fast garnet GBC (Sigma) (13) . The staining system was stopped at 37˚C for 45-60 min.
Expression of recombinant CAIII and its phosphatase activity.
The CAIII gene (GenBank accession no. M22413) was designed using BamHI and HindIII sites and amplified, using the primers: primer 1 (5'-AGAGGATCCGAATTCGCTAAGGAGTGG GGTTAC-3') and primer 2, (5'-AGAAAGCTTCTTGAAGG AGGCCCTCACCAC-3'). The plasmid pET28a (Novagen, Darmstadt, Germany) and amplified DNA were digested with BamHI and HindIII, then ligated with T4 DNA ligase (Fermentas, Vilnius, Lithuania) and transformed into E. coli DH5a (Novagen, Darmstadt, Germany). The positive recombinant plasmids (pET28a-CAIII) were confirmed by restriction enzyme digestion and DNA sequencing (Invitrogen Biotechnology, Co., Ltd., Shanghai, China). The recombinant plasmids were then transformed into E. coli BL21 (DE3; Novagen) for protein expression. The transformants were grown in Luria-Bertani medium (1.0% tryptone, 1.0% NaCl, 0.5% yeast extract, pH 7.0) containing 50 mg/l kanamycin at 37˚C. When the OD600 reached 0.9, IPTG was added to the final concentration of 1.0 mM. Following incubation at 37˚C for 8 h, the bacteria were collected and resuspended in buffer A (50 mM NaH 2 PO 4 , 10 mM imidazole, 500 mM NaCl, 10% glycerol, 1 mM phenylmethanesulfonyl fluoride, pH 8.0) and disrupted by sonication on ice. The supernatant was obtained by centrifugation at 5,000 x g for 20 min at 4˚C and then loaded onto a Ni-NTA affinity chromatography column (Novagen). The column was washed with buffer B (10 mM Tris-HCl, 100 mM NaH 2 PO 4 , 8 M urea, pH 8.0) and buffer C (10 mM Tris-HCl, 100 mM NaH 2 PO 4 , 8 M urea, pH 6.9) to remove the unbound proteins and eluted with buffer D (10 mM Tris-HCl, 100 mM NaH 2 PO 4 , 8 M urea, pH 4.5). The eluates were collected and analyzed by means of SDS-PAGE. The proteins were renaturated by urea gradient dialysis, then dialyzed against 0.01 M phosphate-buffered saline (pH 7.4) and subsequently analyzed by 10% SDS-PAGE and western blotting. The phosphatase activity was examined as mentioned above.
Results

Separation and identification of CAIII from skeletal muscle.
Since the pH of CAIII has been reported as 6.8, 7.0 and 7.2 (1,9), pI 5-8 ampholine (1%, v/v) and pH 3.5-10 ampholine (1%, v/v) was used in isoelectric focusing for the separation of CAIII. In this procedure, two IEF strips were placed symmetrically on the secondary SDS-PAGE. A symmetric proteome map was developed and then transferred onto a nitrocellulose membrane. One half of the membrane was stained by ponceau red S (2-DE map; Fig. 1A ) and the other for immunodetection of CAIII (Fig. 1B) . According to the mirror image on the immunoblotting membrane (Fig. 1B) , CAIII was identified and located on the 2-DE map (Fig. 1A) .
Phosphatase activity staining of CAIII following 2D gel electrophoresis. For enzyme activity staining, the membrane containing symmetric proteome maps was divided into halves, one for ponceau red S staining (2-DE map; Fig. 2A ) and the other for phosphatase staining. Using nitrophenyl phosphate as a reagent, a phosphatase staining map was obtained (Fig. 2B) . Referring to the CAIII staining located on the 2-DE map by ponceau red S (Fig. 2A) , the mirror CAIII spot, exhibiting active staining on the enzyme staining map was identified (Fig. 2B) .
For further analysis, the correlation between the time and density of phosphatase staining was described. A plot of time vs. the density of phosphatase staining [optical density (OD) value] calculated by the software Image-Pro Plus 6.0 is presented in Table I and Fig. 3 . A negative staining without substrate was performed simultaneously. The density of CAIII staining was dependent on the reaction time and the linear correlation maintained within 60 min (Fig. 3C) .
Furthermore, the inhibition of phosphatase staining was examined. The inhibitors, potassium phosphate (1.94 mM) and sodium fluoride (1.94 mM), were added separately into the CAIII phosphatase staining system. Fig. 4 demonstrated that the phosphatase staining was suppressed by both inhibitors, particularly for potassium phosphate.
Expression of recombinant CAIII and its phosphatase activity.
The plasmid pET28a and the amplified DNA digested by BamHⅠ and HindⅢ were ligated to construct recombinant plasmids pET28a-CAIII. The constructed plasmids from the transformants of E. coli DH5a were confirmed by restriction enzyme digestion (Fig. 5) and DNA sequencing (data not presented). The confirmed recombinant plasmids were transformed into E. coli BL21 (DE3) for protein expression. Following induction by IPTG, the fusion proteins were harvested and purified subsequently with a Ni-NTA affinity chromatography column, and then analyzed by SDS-PAGE and western blot analysis. Its activity was examined by phosphatase staining following SDS-PAGE, revealing active staining (Fig. 5) .
Discussion
Currently, enzyme histochemistry, spectrophotometry and activity analysis following native-PAGE or SDS-PAGE are the most commonly applied methods for enzyme analyses under different conditions. Spectrophotometry is the classic method for quantitative determination of enzyme activity. However, this method firstly requires separation and purification of the specific enzyme from the complex, which is a time-consuming and complicated process. Furthermore, the obtained protein may be not be fully purified due to contamination with components of similar traits or changes of molecular structure, which reduces the validity of analysis and even leads to opposite conclusions. It has been reported that, following a modified procedure, the phosphatase activity of CAIII previously considered to be intrinsic was actually found to be extrinsic (11) .
Theoretically, analytical methods to directly detect CAIII phosphatase activity against cellular extracts may facilitate a simple and efficient analysis of skeletal muscle. Activity analysis in situ following electrophoresis and the detection of enzyme activity following SDS-PAGE or native-PAGE is available and has been applied to expand functional proteomics by The density of staining (OD value) was quantified using the software Image-Pro Plus 6.0 at 0, 15, 30, 45, 60, 75 and 90 min. The staining reactions without the substrate were performed as the controls. CAIII, carbonic anhydrase isozyme III; OD, optical density. (14) that β-amylase isozymes in dehydrated cucumber cotyledons was detected following 2-DE using this analytical method. The present study reported an novel analytical method for detecting and verifying the CAIII phosphatse activity in skeletal muscle adopting 2-DE. In order to achieve separation of the CAIII, the most suitable ampholytes and PAGE concentration were determined according to the pI and molecular weight of CAIII. For IEF, a mixture of equal volumes of ampholine pH 3.5-10 and ampholine pH 5-8 was constructed to guarantee separation of CAIII from the other proteins. Two IEF gels were loading symmetrically besides the loading slot on the top of SDS-PAGE. Following the simultaneous separation of the two protein samples by 2-DE, mirror 2-DE maps were obtained by protein staining. Then, immunodetection with an antibody against CAIII and LTQ mass spectrometry were used to verify the separation of CAIII. Furthermore, CAIII was located in 2-DE map according to the symmetric immunostaining (Fig. 1) .
For phosphatase analysis, to facilitate the enzyme-substrate interaction, the proteins were transferred onto the nitrocellulose membrane following electrophoresis (15) , which simultaneously facilitated reducing the inhibition of SDS on CAIII activity. PVP, a macromolecular compound that has been effectively used to detect glycoproteins (16) , was selected as a blocking agent, which avoids the effects of the conventional blocking agent, including BSA, fetal calf serum and skimmed milk powder, which may be mixed with a variety of phosphatases, which subsequently affects the background staining. Similarly, the two symmetrical 2-DE maps following transferring were divided, one part for ponceau staining and the other for phosphatase activity staining. Based on the location of CAIII, as previously identified on the 2-DE map, it was possible to directly identify the active staining of CAIII on the phosphatase staining map. 
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In order to verify the phosphatase staining from the non-specific staining, a negative control was set and the impact of the selected inhibitors, potassium phosphate and sodium fluoride (17) , on CAIII phosphate phosphatase activity staining was examined. The results demonstrated that the phosphatase activity staining was significantly inhibited. In view of the enzyme catalysis, the time-phosphatase staining correlation was observed. The results revealed that the staining changed with the reaction time, demonstrating a strong linear association between the staining and reaction time within 65 min, as is consistent with previous studies (6) . In combination with image analysis software, this method may also allow a quantitative analysis of CAIII phosphate. Additionally, Rt-CAIII was constructed and phosphatase activity staining, was performed according to the methods described in the present study, and positive staining was demonstrated.
In conclusion, symmetrical 2-DE according to the physiochemical traits of CAIII, combined immunodetection with specific antibody against CAIII for separation and location, and phosphatase activity staining on a nitrocellulose membrane were performed to achieve the intuitive and highly accurate analysis of CAIII phosphatase in situ, and even for quantitative analysis. It is therefore hypothesized that the phosphatase activity analysis of CAIII following 2-DE is a reliable example of a promising technique for functional proteomics.
